The broad-scale environment plays a substantial role in shaping modern marine ecosystems, 26 but the degree to which palaeocommunities were influenced by their environment is unclear. 27
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sedimentary environment and the presence of textured organic surfaces at bed-scale level 99 (42, 43) . 100 101 Metrics of taxonomic and ecological diversity are much higher in White Sea assemblages than 102 in Avalonian ones, with changes in taxonomic and morphological diversity calculated to be of 103 similar magnitude to those between the Ediacaran and Cambrian (30,31). These Ediacaran 104 assemblages have high beta-diversity compared to modern benthic systems (44), but the 105 driving processes underlying this high diversity are not understood. The regional 106 palaeoenvironment (kilometre scale) (15,17) has a significant influence on (non-algal 107 dominated) Ediacaran fossil assemblage composition, but metreits influence on local (metre to 108 sub-metre scale) community ecology has not yet been investigated. In modern benthic 109 communities, small spatial scale (< 50 cm) substrate heterogeneities (e.g. substrate variations 110 in nutrients, oxygen patchiness, or biotic and abiotic gradients within microbial mats) exert a 111 significant influence on community ecology (33, 34, 45) . For Ediacaran palaeocommunities, it 112 is not possible from spatial analyses alone to determine the underlying causes of habitat 113 heterogeneities, nor the extent to which they relate to food resources, such as those resulting 114 from the decay of Ediacaran organisms (12,46). However, it is possible to compare how the 115 relative influence of such heterogeneities changes with broad-scale environmental setting: 116 previous analyses have identified assemblage-level trends between community compositions 117 and bathymetric depth (15) (16) (17) . In this study, we compare the drivers of community ecology 118 between shallow and deep-water Ediacaran palaeocommunities (above or below the slope 119 break) over a ~7-million-year period using spatial analyses of seven palaeocommunities. 120 121 Spatial analyses 122 6 Determining the nature of interactions between fossilised organisms and their environment can 123 be undertaken if entire palaeocommunities are preserved in-situ, such that the position of the 124 fossils on bedding planes can be interpreted to reflect aspects of the organism's life-history 125 (47) . For sessile organisms, such as in the Avalon communities, community-scale spatial 126 distributions are dependent upon the interplay of a limited number of factors: physical 127 environment (which manifests as habitat associations of a taxon or taxon-pairs (48)); organism 128 dispersal/reproduction (49) ; competition for resources (50); facilitation between taxa (where 129 one taxon increases the survival another taxa) (51); and differential mortality (52). For fossil 130 assemblages containing mobile taxa (e.g. the White Sea assemblages), behavioural ecology 131 also influences spatial distributions, so interpretations of their spatial distributions are 132 qualitative rather than quantitative. 133
134
Studies of modern ecosystems have demonstrated that habitat associations resulting from 135 interactions between organisms and their local environment can be either positive, leading to 136 aggregations of individuals (such as around a preferential substrate for establishment), or 137 negative segregation away from such patches (21) . SPPA are a suite of analyses compare the 138 relative density of points (in this case fossil specimens) to different models corresponding to 139 different ecological processes, in order to infer the most likely underlying process responsible 140 for producing the observed spatial distribution. For sessile organisms, habitat associations 141 identified by SPPA are best-modelled by a heterogeneous Poisson model (HP), or when 142 combined with dispersal limitations, an Inhomogeneous Thomas Cluster model (ITC) (53, 54) . 143
Where the local environment is resource-limited to the extent that it significantly reduces 144 organism densities, this is indicated by spatial segregation between specimens within a 145 community (55). When sessile populations are not significantly affected by their local 146 environment, their spatial distributions are completely spatially random (CSR), indicating no 147 7 significant influence by any biological or ecological processes at the spatial scale investigated, 148 or alternatively reflect dispersal/reproductive processes (48, 54, (56) (57) (58) . CSR is modelled by 149 homogeneous Poisson processes (47), whereas dispersal patterns are best modelled by best-fit 150 Thomas Cluster (TC) or Double Thomas Cluster (DTC) models (54). Facilitation (where one 151 taxa increases the survival of another) is best-modelled by linked-cluster models (51,59) and 152 density-dependent processes detected using random-labeling analyses (52,60). 153 154
Geological setting 155
We assessed the community palaeoecology of seven fossil-bearing assemblages across five 156 different global Ediacaran locations, spanning the full range of known habitats inhabited by 157 members of the Ediacaran macrobiota during the late Ediacaran interval, and incorporated data 158 from previous studies (21,23) on Avalonian palaeocommunities for comparison. These 159 localities document a range of diverse local depositional environments, but in order to focus 160 on the broadest macro-ecological and macro-evolutionary patterns we have coarsely grouped 161 them within either shallow or deep-water settings. 162 163
Shallow marine settings 164
Five of the studied palaeocommunities are found in facies that reflect shallow marine depositional 165 environments. Palaeocommunity WS is an Aspidella-bearing surface on the underside of a wave-166 rippled sandstone within a thick package of mudstones and sandstones deposited in a prograding, 167 storm-influenced depositional system (61,62 First, the co-ordinates of the edge of the rock surface were recorded, then the co-ordinates, 241 orientation and dimensions of each of the specimen were measured and plotted onto the paper. 242
For DS, a bedding surface of 9 m 2 was excavated over the course of two years (2017-2018). 243
The surface was photo-mapped, with photographs taken under an artificial light source at night. 244
The intersection between maximum length (L) and maximum width (W) of each specimen was 245 taken to be the absolute position of the organism, with measurements obtained from digital 246 For all mapped palaeocommunities, fossil identification, position, and dimensions (disc width, 260 disc length, stem length, stem width, frond length, and frond width) were digitized in Inkscape 261 0.92.3 on a 2D projection of the dataset, resulting in a 2D vector map for each 262 palaeocommunity. Only taxa that had sufficient abundance (> 5 specimens) for spatial analyses 263 were formally identified, and these were grouped within one of six taxonomic groups: 264
Aspidella, Dickinsonia, Funisia, Kimberella, Orbisiana, and the trace fossil Kimberichnus. A 265 group consisting of all the sessile taxa on the KS surface was also assessed, because abundance 266 was not sufficient to include all taxa individually. Analyses were not conducted for individual 267 low abundance taxa whose specimen numbers fell below the threshold for which results would 268 be statistically meaningful. 
Bias analyses 285
For each surface, we first tested for erosional biases and tectonic deformation, since both have 286 the potential to distort spatial analyses (18, 73) . If these factors were found to have significantly 287 affected specimen density distributions, the erosion and/or deformation were taken into account 288 when performing later analyses (cf. (23)), with heavily eroded sections of the bedding planes 289 excluded from analyses. The influence of tectonic deformation was only observed on the DS 290 surface, so retrodeformation techniques (18, 25) were not applied to the spatial maps of WS, 291 KH1, KH2, KS, FUN4 and FUN5 surfaces. Where possible (WS, KH1 and KH2 surfaces), the 292 area near the outcrops was investigated, and no independent evidence for tectonic deformation 293 was found. The holdfast discs on surfaces KS, FUN4 and FUN5 did not show any evidence 294 tectonic deformation. The DS surface showed signs of deformation in the form of consistent 295 variation in specimen length to width ratios along a presumed axis of deformation. The 296 fitModel function from the mosaic package in R (73) was used to find the best-fit values 297 for the direction and strength of deformation using the assumption that Dickinsonia had a 298 consistent length to width ratio during the ontogeny (43,77,78) though note (79)), and the 299 spatial map was retrodeformed cf. (18, 23, 25 1. The PCF and L-function (88) of the observed data were found. Both measures were 331 calculated to ensure that the best-fit model is not optimized towards only one distance 332 measure, and thus encapsulates all spatial characteristics. 333 2. Best-fit Thomas cluster processes (89) were fitted to the two functions where PCF > 1. 334
The best-fit lines were not fitted to fluctuations around the random line of PCF = 1 in order 335
to aid good fit about the actual aggregations, and to limit fitting of the model about random 336 fluctuations. Programita used the minimal contrast method (56,87) to find the best-fit model. 337
3. If the model did not describe the observed data well, the lines were re-fitted using just the 338 PCF. If that fit was also poor, then only the L-function was used. Kimberichnus on KS) segregated spatial distributions (Fig. 3 , Table 2 ). The Aspidella 371 aggregations from KH1 and KH2 were best modelled by the same double Thomas cluster 372 process (pd kh1 = 0.883, pd k21 = 0.932, Fig. 3G , H; Table 2 ), which consisted of large clusters 373 of 20.96 cm diameter containing smaller clusters with a mean of six specimens within a cluster 374 of 7.34 cm in diameter ( Fig. 3G and H, (95) ). These results indicate that the non-random spatial 375 distributions were most likely due to two generations of reproduction cf. (47), and do not 376 represent a significant interaction or association with local habitat variations. This result is 377 consistent with previous work on older (~565 Ma) deep-water communities that also show a 378 strong non-environmentally influenced signal (23). In contrast, the Aspidella from the WS 379 surface show significant segregation and are best-modelled by a heterogeneous Poisson process 380 18 (pd ws = 0.796, Fig 3F, Table 2 ). This is consistent with small-scale intra-specific competition 381 in a resource-limited environment (55). Funisia from FUN4 and FUN5 had aggregations that 382 are best-modelled by heterogeneous Poisson processes (pd Fun4 =0.9570, pd Fun5 = 0.9080, Fig.  383 3 D, E; Table 2) Kimberella specimens) (100). We found that the KS community exhibits CSR, which suggests 418 that any taxon-specific univariate distributions are likely to be biological/ecological in origin, 419 rather than resulting from a taphonomic bias (pd KS All =0.858, Table 2 , (23)). In contrast, when 420 all the sessile taxa were grouped together they exhibited a significant aggregation (Table 2) , 421 which was best-modelled by a heterogeneous Poisson process (pd KS Sessile =0.956, Table 2 ). 422
Kimberella exhibits a significant aggregation under spatial scales of 20 cm (pd KS Kimberella 423 =0.001 for CSR model, Fig. 3A) , with Thomas cluster and heterogeneous Poisson models 424 fitting the data well, suggesting that behaviour factors may also influence Kimberella spatial 425 patterns. The Kimberichnus PCF spatial distribution has a CSR distribution (Fig. 3B , pd KS Rad 426 =0.566, Table 2 ). Furthermore, the bivariate analyses between Kimberella and Kimberichnus 427 show a significant segregation (pd KS KimRad =0.028, Fig 3C) , which could reflect the Kimberella 428 organisms avoiding patches of the surface that had already been grazed. 429
430
The Dickinsonia population from DS exhibited a CSR PCF distribution ( Fig 3I, pd = 0.857) . 431
Analysis of the population of Dickinsonia from DS showed two cohorts in the size-distribution 432 (95) . The two cohorts exhibited different PCF spatial behavior, with the small specimens 433 aggregating with a best-fit heterogeneous Poisson model (Fig 3I, pd small = 0 .978) and the large 434 specimens exhibiting segregation (Fig. 3I) . 435 436
Interpreting the spatial distributions of mobile organisms 437
For mobile organisms, inferring the underlying process behind the observed spatial 438 distributions is imprecise, since their spatial patterns also incorporate contributions from their 439 21 behavior. Modern animals move primarily to find resources, mates, microhabitats and/or 440 escape predators or detrimental environmental conditions. There is no evidence for predators 441 until the terminal Ediacaran (101), and although we cannot definitely rule out reproductive 442 aggregations, they are also considered unlikely because the largest size-class in the studied 443
Dickinsonia population exhibits univariate segregation, so at time-of-burial, the organisms 444
were not aggregating as might be expected in a mating event. Furthermore, the majority of 445 extant marine benthic organisms use broadcast spawning to reproduce sexually (102), so do 446 not require the two mating organisms to be within the spatial scale (< 40 cm) found on the DS 447 surface. We cannot determine whether the large Dickinsonia are reacting to the mortality event 448 which killed and preserved them, however, this would not explain the complex interplay 449 between aggregation and segregated behaviors. Therefore, for this Dickinsonia population, the 450 search for resources and/or microhabitats is considered most plausible explanation, particularly 451 since this hypothesis is further supported by their spatial patterns. Aggregatedsegregated 452 PCF patterns such as those seen in our Dickinsonia population are common in extant sessile 453 organisms where juveniles are initially aggregated on preferred habitats but then begin to 454 compete with each other as they require greater resources, leading to thinning or segregation 455 amongst adult populations (55). While it is not possible to confirm the underlying mechanism 456 for the distribution of the studied Dickinsonia population, we consider it most likely to be 457 motivated by associations with preferential habitat for food and/or resources. Further analyses 458 of other Dickinsonia surfaces would enable more robust conclusions to be reached. 459 460
Time averaging 461
The preservation of time-averaged communities has the potential to bias our analyses (see 462 (21, 25) . In Avalonian communities, taphomorphs interpreted to record the decaying remains 463 of organisms are identified by their poor preservational fidelity, irregular morphologies, and 464 22 often high topographic relief (103). This interpretation is consistent with data suggesting that 465 the spatial interactions of some taphomorph populations mirror those of other taxa they are 466 considered to be derived from (21). Taphomorphs are considered unlikely to have imparted a 467 significant signal on these studied surfaces, since we did not observe ivesheadiomorph-type 468 forms, and there is a consistent level of preservational detail amongst fossil communities 469 470 Funisia communities tend to have very similar diameters for the holdfasts, which suggests 471 single colonization events (104) . Different reproductive events can be distinguished by 472 population analyses of size-distributions (105), with each reproductive event identified through 473 statistically significant cohorts within the size-distribution (90). Surfaces FUN4 and FUN5 474 both exhibit populations with two cohorts (SI Figure 1) , most likely indicating two 475 reproductive/colonization events. The best-fit models for each of these surfaces are 476 heterogeneous Poisson models (Fig. 3 , Table 2) The univariate and bivariate analyses of five out of seven of the studied palaeocommunities 483 provide compelling evidence that their local environment had a significant influence on their 484 communities ( Fig. 3, Table 2 ). In modern settings, habitat associations form when a patchy 485 resource provides heterogeneously distributed preferential conditions for the establishment and 486 growth of sessile taxa, and/or feeding 'hotspots' for the mobile taxa (47,54,83). The presence 487 of inferred habitat interactions within our palaeocommunities showed a significant correlation 488 with the environmental setting (Kruskal-Wallis Test, p = 0.049), with all five 489 23 palaeocommunities with strong habitat interactions derived from shallow-water settings. The 490 two communities that were seemingly not strongly influenced by their local habitat are from 491 deep-water facies (Table 2) . These results are consistent with previous work, which found 492 that for seven independent deep-marine (slope and basin) Ediacaran palaeocommunities from 493
Newfoundland and Charnwood Forest, only one was dominated by associations of taxa with 494 local habitat heterogeneities (21-23) (Kruskal-Wallis Test of all data, p = 0.021; Fig. 4) . Untangling environmental from evolutionary trends in the Ediacaran has been hampered by a 505 limited overlap between temporal periods and environmental settings (1, 17) . The 506 palaeocommunities in this study derive from successions within a variety of lithologies (tuff, 507 coarse sandstone, mixed siltstone, limestone) as well as palaeogeographic positions 508 (17, 62, 63, 69, 104, 106, 107) . We find no significant direct correlations between these factors and 509 the relative importance of habitat heterogeneities on the studied surfaces (p >> 0.1; Fig. 3 , 510 Table 2 ). The palaeocommunities that are not influenced by local habitat heterogeneities (KH1 511 and KH2) are hosted within carbonate successions (107), making them distinct from the 512 siliciclastically-hosted palaeocommunities on the KS, WS, FUN4, FUN5 and DS surfaces, or 513 in previous (21-23) work. However, the Khatyspyt surfaces behave ecologically in the same 514 way to Avalonian palaeocommunities derived from similar depths, but different lithological 515 successions (21-23), suggesting that lithology alone is not causing the KH1 and KH2 surfaces 516 differing results. Therefore, two possible factors remain that may explain the differences in 517 community dynamics found here. The differences could reflect evolutionary trends, and it is 518 true that the oldest studied palaeocommunities show limited habitat influence (21-23), when 519 compared to the younger palaeocommunities documented in this study (Fig. 4) . Unfortunately, 520 the lack of fine-scale dating across these communities and older Avalonian ones precludes 521 detailed fine-scale regression to assess whether either the Khatyspyt palaeocommunities are an 522 outlier to this apparent trend, or this trend merely reflects the biases of the available data. 523
Alternatively, the differences could be due to the environmental setting. We have shown that 524
Ediacaran environmental setting has a significant influence on community dynamics (p = 525 0.021), with shallow water palaeocommunities significantly influenced by habitat 526 heterogeneities, in contrast to the deep water palaeocommunities (Fig 3, Table 2 ; (21-23)). 527 528 25 While SPPA have only been applied to a small proportion of the known in-situ Ediacaran 529 palaeocommunities (17 studied surfaces (21-23,23,60,108)), there is a notable correspondence 530 between the importance of habitat heterogeneities to community ecology and assemblage 531 diversity. In this study, the palaeocommunities exhibiting significant influence from local 532 habitat heterogeneities are those that belong to the diverse White Sea assemblage, which is in 533 contrast to the previous work on Avalonian palaeocommunities (21-23), which are not 534 significantly influenced by such heterogeneities. The relationship between environmental 535 spatial heterogeneities and species richness is well established, with habitat variations enabling 536 species co-existence through the creation of different niches (109). This relationship extends 537 to modern deep-sea benthic communities, where these heterogeneities have been shown to 538 provide a mechanism for diversification on large scales, such as between canyons, trenches, 539 seamounts (110,111), on the centimetre to metre scale (112), and through microhabitats (45). 540 541 Tentatively, we propose that the ecological differentiation observed between Ediacaran 542 shallow and deep-water communities may evidence the late Ediacaran development of a chain 543 of evolutionary diversification. This chain started in shallow water communities, with the 544 creation of habitat patchiness by mobile Ediacaran organisms, which then led to a feedback of 545 increasing diversification that ultimately expanded into the deep-sea. This hypothesized 546 feedback could have promoted diversification throughout the Ediacaran by increasing 547 heterogeneity as follows: 548 549 First, metazoan mat grazing creates spatial heterogeneity in microbial substrates through the 550 formation of depleted and non-depleted patches (113). Our data suggest that once created, 551 organisms such as Kimberella may have avoided pre-grazed patches, with this selective grazing 552 accelerating further creation of mat heterogeneity ( Fig 3C) . Secondly, the grazing-induced 553 26 creation of different-sized detrital particles in the form of differential-sized fecal pellets and 554 fragments of non-consumed food within the water-column (114), would have created new food 555 sources and therefore potential new niches. Thirdly, this shallow-water differentiated 556 particulate organic carbon (POC) and matter (POM) could have eventually filtered through to 557 deep-sea communities, promoting deep-sea heterogeneity. In the modern ocean, the main 558 source of deep-sea habitat heterogeneity is small-scale variation due to differentiated particle 559 influx (114), with the majority of the particulate organic carbon (POC) coming from 560 phytodetritus, which is transported from shallow waters to deep waters by ocean currents, tides 561 and upwelling (114,116). In the modern ocean, the diurnal vertical migration of 562 mesozooplankton and macrofauna contributes up to 50% of POC to the deep-sea via fecal 563 pellets (116-118). A planktonic/larval stage for Ediacaran organisms has been predicted on 564 the basis of their likely waterborne dispersal mechanisms (25,105), but there is presently no 565 direct evidence of non-larval, planktotrophic zooplankton until the onset of the Cambrian 566 (119). In the absence of planktotrophic zooplankton and macrofauna, the Ediacaran POC flux 567 may have been either larger, due to lack of consumption of phytoplankton in the shallow water, 568 or smaller, due to a lack of mixing by diurnal vertical migration of the plankton (6), and this 569 cannot yet be determined. However, the other ~50% of POC flux in the modern oceans is 570 transported from shallow to deep-water via oceanic currents and upwelling (114,116), which 571 should still have operated in the Ediacaran. However, prior to grazers and detritivores, this 572 POC/POM flux would have been relatively homogenous phytodetritus. The evolution of 573 grazers would have led to a shift towards size differentiated POC/POM, potentially increasing 574 the heterogeneity of the deep-sea landscape (114), and providing a mechanism for deep-marine 575 diversification. 576 577 27 Budd and Jensen (12) introduced the Savannah hypothesis to explain early animal 578 diversification, whereby Ediacaran diversification was driven by small-scale variations in local 579 habitat. They argued that it was the drive to find these heterogeneous distributed resources that 580 led to novel evolutionary innovations such as mobility. Our results demonstrate that at least 581 some of these early animal communities that contain mobile organisms were influenced by 582 such habitat variations, and we describe a mechanism that links early animal diversification 583 and benthic habitat patchiness prior to the evolution of predators and wide-spread pelagic 584 organisms. We show that taxa such as Kimberella had a segregated distribution with trace 585 fossils considered to be their grazing traces (98), suggesting that they may have been capable 586 of avoiding non-preferred areas, possibly already consumed patches, revealing adaptation of 587 behavior when interacting with these patches. This adaptation theoretically has the capacity to 588 drive further diversification, initially dependent on the environmental-setting, starting in the 589 shallow water, and then, over time, moving into deeper water, but currently available global 590 fossil assemblages limit the testing of this prediction. If this hypothesis is correct, we would 591 expect deep-water assemblages to diversify during the terminal Ediacaran and into the 592 Cambrian. Our results therefore provide tentative support for the Savannah hypothesis, 593 suggesting that this late Ediacaran taxonomic diversification was a benthic event, which 594 facilitated a chain of diversification by promoting marine habitat heterogeneities. 595 heterogeneities. Grazing within these shallow waters further increases substrate heterogeneity, 600 potentially increasing diversification. Furthermore, this grazing increases deep-water 601 heterogeneity through the creation of different sized particulate organic matter due to the influx 602 of particulate matter from the shallows. 603 604
Conclusions 605
We present evidence to suggest that the influence of local habitat on Ediacaran organisms is 606 significantly correlated with broad-scale environmental setting. The relationship of Ediacaran 607 communities to habitat-dependent interactions is correlated with Ediacaran assemblage 608 diversity, with communities from the more diverse White Sea assemblage showing significant 609 29 habitat associations and interactions in contrast to relatively habitat insensitive deep-sea 610 Avalonian assemblages. We suggest that the presence of shallow-water grazers could have 611 created further habitat heterogeneity in shallow-water and ultimately deep-water, via the 612 heterogenization of the shallow-water substrate and via the introduction of variable size 613 particulate matter to the deep-sea. These results demonstrate the utility of these approaches for 614 investigating the early diversification of metazoans. We have shown the importance of local 615 environmental patchiness to the diversification of early animals, and our results are consistent 616 with the hypothesis that the early diversification of metazoans was a benthic event, driven by 617 responses to habitat patchiness. 618 619 Acknowledgements 620
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